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Two new hybrid organic/inorganic copper oxovanadium diphosphonates [Cu,(phen),(OsPCH,PO3)(V,0s)(H20)]-
H,0 (1) and [(Cuy(phen),(OsP(CH2)sPO3)(V20s)]CsHs (2) have been obtained by hydrothermal synthesis. The
compounds are monoclinic, and they crystallize in the space group P2;/n with cell parameters of a = 11.788(2)
A b=17.887(3) A, c = 14.158(2) A, and 5 = 93.99(0)° and in the space group C2/c with cell parameters of a
= 11.025(1) A, b = 18.664(2) A, ¢ = 15.054(2) A, and B = 90.06(0)°, respectively. Both compounds present
two-dimensional frameworks built up from infinite chains of corner-sharing vanadium tetrahedra and diphosphonate
groups connected by copper tetramers for (1) and copper dimers for (2). The remarkable feature of (2) is the
encapsulation of propane molecules, stabilized by strong hydrogen bonding between the layers. The magnetic
properties of the compounds have been investigated showing antiferromagnetic coupling with Tnax = 64 K for (1)
and Curie-like paramagnetic behavior for (2).

1. Introduction (V®*), square pyramids and distorted octahedra (W4),

. . . trigonal bipyramid ("), and regular octahedra t¥). In
The vanadium phosphate system has been widely Ir“’es'addition, the phosphate species may be present in the solids
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More recently the organic part has been incorporated by
direct replacement of the phosphate group by organophos
phate!®~22 the size variation and the nature of the organic
part was used to modify the framework.

Extension to chelating ligands such as diphosphottate,
phosphonate carboxylate’>:*2and phosphonatepyridine®
groups, is of interest in various systems because of the
separation of two or more functional groups connecting the
metal centers by the organic part. This organic moiety may
act not only as a structural modifier but also as a spacing
agent (for example methylene to octylene in diphosphonate
compounds).

We report herein the synthesis, structure, and magnetic
properties of the two-dimensional compounds{@hen)(Os-
PCHPG;)(V205)(H20)]-H:0 (1) and [Cu(phen}(OsP(CHy)s-
P0;)(V20s5)]-CsHs (2). Compounds containing Guatoms
coordinated by diamines have been recently investigated
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Table 1. Selected Crystallographic Data for
[CUz(phen)(03PC|'bP03)(V205)(H20)]'Hgo (l) and
[Cuz(phen}(OsP(CHy)3sPOs)(V20s)]-C3Hs (2)

1 2

empirical formula GsH22CpN4O13PV 2 C3oH30CWwN4O11PV 2

877.38 913.48
cryst syst monoclinic monoclinic
space group P2;/n C2lc
a(A) 11.7880(17) 11.0247(13)
b (A) 17.887(3) 18.664(2)
c(A) 14.158(2) 15.0544(17)
o (deg) 90 90
p (deg) 93.988(2) 90.063(2)
y (deg) 90 90
V (A3) 2978.0(8) 3097.7(6)
Zz 4 4
density (calcd) 1.952 g/cin 1.959 g/cnd
abs coeff 2.200 mmt 2.115 mmt
data/params 6773/450 2725/233
R1 (Fo) (I > 20(1)) 0.0473 0.0444
R: (Fo) 0.1041 0.1237

because of the structure-directing role of the copper centers, ) | )
which can connect the metal atoms and phosphates or2- Experimental Section

phosphonates with the organonitrogen ligand permittingr
stacking. This type of material has also shown interesting

2.1. Synthesis.The reagents used for the synthesis of both
compounds were ¥0s (Aldrich), Cu(NG;),:3H,0 (Merck), Zn

magnetic properties because of the presence of the coppe(Fluka), 1,10-phenantroline (Aldrich), methylenediphosphonic acid
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as trisodium salt tetrahydrate (Aldrich), and propylenediphosphonic
acid (Alfa Aesar).

Hydrothermal reactions were carried out in a Teflon acid
digestion bomb (23 mL, Parr Instruments) under autogenous
pressure at 12€C for 72 h. The reaction vessels were then cooled
to room temperature, the resulting products were filtered off, washed
with distilled water, and dried under vacuum in a desiccator.
Compounds 1) and @) were obtained only as minority phases.
Subsequent attempts involving a different synthesis route (a two-
step reaction with the dissolution of,;®@s with diphosphonic acid
first, followed by the transfer of the solution into the acid digestion
bomb for 2 days of heating, after addition of the copper nitrate
and the 1,10-phenantroline) did not improve the yield of the
reaction. Thus, optimal conditions to obtain pure crystalline phases
have been unsuccessful so far. Visual examinations under an optical
microscope allowed us to separate crystals suitable for single-crystal
X-ray diffraction studies, and a sufficient amount to perform
physical characterizations.

Synthesis of [Cy(phen)(OzPCH,PO3)(V,0s)(H,0)] H,O (1).

Blue rod-shaped crystals af)(were obtained by the hydrothermal
treatment of the starting mixture: ,@s (0.0765 g), Cu(NG)2-3H,O
(0.203 g), 1,10-phenantroline (0.084 g), methylenediphosphonic acid
(0.132 g), and KO (5 mL) in a molar ratio of 1:2:1:1:662. The pH
values measured before and after the reaction were 6 and 3,
respectively.

Synthesis of [Cuy(phen)(O3P(CH,)3:P03)(V20s)]-C3Hg (2).

Blue prismatic crystals of2) were obtained by a hydrothermal
treatment of the starting mixture;@s (0.0765 g), Cu(NG),-3H,0O
(0.203 g), Zn (0.053 g), 1,10-phenantroline (0.084 g), propylene-
diphosphonic acid (0.089 g), and,® (5 mL) in a molar ratio of
1:2:2:1:1:662. The pH values measured before and after the reaction
were 3 and 5, respectively.

(35) Finn, R. C.; Zubieta, Jnorg. Chim. Acta2002 335, 131.

(36) Moreno, Y.; Vega, A.; Ushak, S.; Baggio, R.;"Re®.; Le Fur, E;
Pivan, J. Y.; Spodine, El. Mater. Chem2003 13, 2381.

(37) Zhang, X.-M.; Wu, H.-S.; Gao, S.; Chen, X.-M.Sblid State Chem
2003 176, 69.

(38) Fu, R.-B.; Wu, X.-T.; Hu, S.-M.; Du, W.-X.; Zhang, J.-J.; Fu, Z.-Y.
Inorg. Chem. Commur2003 6, 694.



Copper(ll)—Oxovanadate(V) Diphosphonates

Table 2. Selected Bond Distances (A) and Angles (deg) for@hen)(OsPCHPOs)(V20s)(H20)]-H,0 (1) and
[(Cuphen)(OgP(Cl-b)3P03)(Vgo5)] -C3Hg (2)

1
Cul Cu2
o1 1.934(2) 04 1.948(2)
06 1.952(2) 97.4(1) 03 1.981(2) 92.0(1)
N1 1.992(3) 164.2(1) 90.4(2) N3 2.004(3) 91.5(2) 166.9(1)
N2 2.013(3) 87.4(1) 166.8(1) 82.2(1) N4 2.013(3) 163.4(1) 91.7(1) 81.5(1)
o1w 2.247(3) 94.0(1) 99.6(1) 98.2(1) 92.3(1) 03 2.280(2) 90.7(1) 81.0(1) 111.6(1) 105.8(1)
V1 V2
08 1.606(3) 010 1.607(3)
o7 1.613(3) 108.0(2) O11 1.621(3) 109.4(2)
09 1.791(3) 112.8(1) 109.1(1) 09 1.798(3) 110.1(1) 110.2(1)
02 1.872(2) 108.0(1) 110.0(1) 109.0(1) 05 1.866(2) 108.7(1) 106.6(1) 111.7(1)
P1 P2
o1 1.501(3) 06 1.505(2)
03 1.518(2) 112.0(1) 0O4 1.511(2) 114.3(1)
02 1.535(2) 111.1(1) 109.1(1) 05 1.545(2) 109.0(1) 109.3(1)
C25 1.798(3) 108.9(2) 107.7(1) 108.0(1) C25 1.799(3) 110.2(1) 108.0(1) 108.5(1)
2
Cul V1
061 1.905(3) 03 1.605(4)
05 1.926(3) 97.5(1) 01 1.640(3) 108.1(2)
N2 2.005(4) 167.0(1 90.2(1) 02 1.777(1) 109.8(2) 112.6(2)
N1 2.029(4) 90.4(1) 171.2(1) 81.3(1) O4 1.854(3) 107.8(2) 108.5(2) 109.8(2)
o1 2.432(4) 95.3(1) 95.3(1) 94.3(1) 87.5(1)
P1
06 1.501(3)
05 1.511(3) 115.6(2)
04 1.556(4) 110.4(2) 110.3(2)
C13 1.788(4) 105.2(2) 108.6(2) 106.2(2)

2.2. X-ray Diffraction. The crystal structures o] and @) were the same diphosphonic ligandk(-o = 1.934-1.981 A) form
determined by single-crystal X-ray diffraction. The experiments the basal plane, and the apical position is occupied by an
were performed at room temperature using a Bruker SMART APEX oxygen atom (Water molecule for Cul and one oxygen atom
diffractometer with graphite-monochromated Ma Kadiation ¢ from another diphosphonic ligand for Cul(_ow = 2.247
= 0.71073 A). The intensity data collection was performed in the A and dey_o = 2.280 A). The vanadium atoms are tetrahe-
w—¢ scanning mode using 0.®f separation between frames and draly coordinated with two terminal oxygen atong (o =

20 s per frame. The crystal to detector distance was 62.8 mm. The . .
data were corrected for Lorentz and polarization effects, and an 1.606-1.621 A)' one oxygen atom shared with a diphos-

empirical absorption correction was performed using SADABS,  Phonic group év-o = 1.866 and 1.872 A) and the other
Data integration was made using SAINUTThe structures were ~ OXygen ato_m shared by two vanadium atoms formlng
solved by means of direct methods using SHELX$9Zompleted ~ [V207]* entities (o = 1.791 and 1.798 A, respectively).
by Fourier difference synthesis and refined until convergence using The methylene diphosphonic ligands share all their oxygen
SHELXL9740 in the SHELXTL packagé! For additional data atoms: four of them with two copper atonty{o = 1.501—
collection and refinement details, see Table 1. Bond distances and1.518 A) and the other two, each with one vanadium atom,
angles are presented in Table 2. _ ~ respectively ¢p-o = 1.535 and 1.545 A).

2.3. Ma_gnetlzatlon MeasurementZero-field cooled magnetic The vanadium tetrahedra and the diphosphonate groups
susceptibility was measured over the temperature range-80Q share common corners to form infinite zigzag chains@y

K for both compounds. Measurements were performed on 5.88 mg . . . .
of compound 1) at 10 kOe and 6.39 mg of compoun?) @t 1 O3PCH,PG;] running along the [100] direction. Edge-sharing

kOe using a Quantum Design SQUID magnetometer (MPMS-XL7). Pf C_UNZO3 tetragonal pyramlds !nvolvmgg-_oxo links results
in dinuclear copper species with €ECu distances as short

3. Results and Discussion as 3.25 A. In turn, two copper atoms are linked to the dimer
through two phosphonate groups to form tetranuclear copper
units with longer Cu-Cu distances of 5.13 A (Figure 2).
The infinite chains are connected by the tetrameric units to

3.1. X-ray Diffraction. The asymmetric unit of compound
1is shown in Figure 1a. The copper atoms are in a square
pyramidal environment: two nitrogen atoms from phenant-
roline (dcy—n = 1.992-2.013 A) and two oxygen atoms from

(41) SHELXTL version 5.1; Brker AXS: Madison, WI, 1998. (a)
Sheldrick, G. MSHELXS-97, Program for Crystal Structure Solution

(39) Sheldrick, G. M.SADABS: Program for Empirical Absorption University of Gdtingen: Gitingen, Germany, 1997. (b) Sheldrick,
Corrections University of Gdtingen: Gitingen, Germany, 1996. G. M. SHELXL-97, Program for Crystal Structure Refinement
(40) SAINTPLUSversion 6.02; Brker AXS: Madison, WI, 1999. University of Gadtingen: Gitingen, Germany, 1997.

Inorganic Chemistry, Vol. 45, No. 14, 2006 5395



Ushak et al.

(%) ¢.0.0PCHPO; chain

A A

18 membered

Figure 3. Comparison of the layer observed in (a) compoundb)
compound?2, and (c) [(CuphenjOsP(CH,).PGs)(V20s)]; the different
V20503P(CH,)«PO; chains are emphasized. Greenvanadium, blue=
copper, and purple= phosphorus.

four oxygen atoms are coordinated to four copper atoms
(dp-0 =1.501 A anddp_o = 1.511 A), and an oxygen atom
bridges two vanadium atomsd{o = 1.556 A). The
vanadium atom exhibits a tetrahedral coordination with one
oxygen atom from the diphosphonate grodp_©c = 1.854
A), another bridging the copper atom,(o = 1.640 A), and
Figure 2. Tetranuclear copper species with the centrals<o-bridge a third terminal oxo-groupdy_o = 1.605 A) The fourth
and the two external copper atoms bisphosphato-bridged with central copper . .
atoms in compound. oxygen atom is shared between two vanadium tetrahedra to
form {V,07} groups (o = 1.777 A).
form layers. The layer shows 18-membered windows of  The structure of2) is built up of infinite chains of corner-
approximately 13« 13 A% formed by 8 vanadium tetrahedra, sharing{V»07} groups and propylene diphosphonate ligands
8 phosphorus tetrahedra, and 2 copper pyramids (Figure 3a)connected to each other by the copper atoms to form layers.
Two different phenantroline groups are observed in the The layer shows eight-membered windows of approximately
structure resulting in two ways of—x stacking. The first 6 x 6 A2 formed by four vanadium tetrahedra, two copper
phenantroline group, connected to the copper atomg (2 pyramids, and two propylene diphosphonate ligands (Figure
Cu2) of the dinuclear species, interact with the same type 3b). This window is quite similar to that observed in the
of adjacent layer. The second one, linked to the other coppercompound [(Cupher(OsP(CH,).POs)(V20s)] (Figure 3c)
atoms (2x Cul) of the tetranuclear group, interpenetrate previously described by Finn et &f.the difference being
the 18-membered rings of adjacent layers resulting-iar caused by the further extension in the diphosphonate ligand.
stacking with the same type of phenantroline groups in a The phenantroline groups connected to the copper atoms
third layer. This leads to a layered compound with water stack perpendicular to the layers. Zipperlike chains of two
molecules occupying the interlamellar space (Figure 4a). phengroups from one layer and twghengroups from the
The asymmetric unit of2) is represented in Figure 1b. other layer are observed. The phenantrolines of two adjacent
The coordination around copper is defined by two nitrogen layers interdigitate resulting in a strong—s stacking of
atoms from the phenantroline ligandc(-n = 2.005 and neighboring 1,10-phenantrolines (at a distance of approxi-
2.029 A) and two oxygen atoméd,—o = 1.905 A anddc,—o mately 3.4 A). The layered character of the compound with
= 1.926 A) from the diphosphonate ligand, which form the alternating organic and inorganic layers is shown in Figure
basal plane of the square pyramid, while the oxygen atom 4b.
in the apical position is only weakly bondedt(-o = 2.432 One of the striking feature of compour®) (s the presence
A) and shared with a neighboring vanadium atom. The of propane molecules between the layers. The presence of
propylene diphosphonate group shares all its oxygen atoms:such a molecule must have its origin in the decomposition

5396 Inorganic Chemistry, Vol. 45, No. 14, 2006



Copper(ll)—Oxovanadate(V) Diphosphonates

Figure 4. The structure of (a) [Cuphen (OsPCHPG;)(V20s) (H20)]-

H20 and (b) [(CuphenjOsP(CHy)3P0s)(V20s)]+CsHg: view along [100].
Vanadium polyhedra are represented in black, copper polyhedra in gray,
and PQC polyhedra in white.

[ &
c15 c16 C15
H15B ¢ . ¢
J-OE .““’ 2 -:7‘
T et HIBB o587, IR
i od Cay  In
= ..o' Yo, 5
=
o1 @ Qo

Figure 5. Hydrogen bonding between the propane molecule and the
oxygen atoms of th¢V,0;} unit.

of the propylene diphosphonic acid used for the synthesis.
As shown in Figure 5, short-€H---O distances are observed
(de—p-0 = 1.825 A), indicative of hydrogen bonding
interactions with oxygen atoms from the vanadate groups,

@ 1y

(molemul)

400

5T
(emuK - mol -1y

200 A

20'0 ®w

100

100 300 TE

()

{mol-emu - )

400

T
(emwK-mol 1)

06 M

04
02
Q

200 4

0 100 200 TE®)

0

0 100 200 s0 &)

Figure 6. They 1 vs T curves (inseyT vs T) of (a) [Cw(phen) (Os-
PCHPG;)(V205)(H20)]-H20 (black circles represent the experimental data,
and the continuous line represents the best fit using the tetrameric model
in a field of H = 10 kOe) and (b) [Cr(phen}(OsP(CH)sPOs)(V20s)]*

CsHg in a field of H = 1 kOe.

which allows the storage of such a molecule in this
compound.

3.2. Magnetic Properties.The temperature dependence
of the molar magnetic susceptibility/Cu(ll) iomy, in the
temperature range of-200 K is represented in Figure 6
for both compounds. After correction for TIP, the two
compounds show CurieWeiss behavior for the high-
temperature region. Magnetic data gave magnetic moments
per Cu of 2.11ug (0 ~ —36.6 K) and 2.1Jug (6 ~ —2 K)
for compounds 1) and @), respectively. While two sym-
metric phosphato bridges between two copper centers, as in
[Cuz(phen}(HoPOy),](NO3)2:2H,0, where the G-P—Cu
angles are 135 lead to antiferromagnetic dimetscom-
pound @) shows an unexpected CurigVeiss behavior in
the whole range of temperature. This can be caused by an
asymmetric Cu(ll) dimeric unit in which the-€P—Cu angles
are 129.3 and 14541t is known that geometrical factors
greatly influence the magnetic exchange coupling between
the metal centers.

For compoundY), the magnetic behavior below 100 K is
complex; they vs T curve shows a maximum at about 64
K, indicative of antiferromagnetic interactions, and a mini-
mum at about 35 K. The magnetic data have been interpreted
for compound {) on the basis of structural results. The
magnetic centers are the copper(ll) species from the tetra-
nuclear units with two central atoms with a short distance
and two other copper atoms linked by the phosphonate
groups to the central atoms. In a first step, considering that

Inorganic Chemistry, Vol. 45, No. 14, 2006 5397
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the prevailing magnetic interactions would occur in the the two central copper atoms, while weakest antiferromag-
central dimer, the molar magnetic susceptibility curve was netic interactions are observed with the bisphosphato-bridged
fitted using the BleaneyBowers expression, corrected by copper. A paramagnetic impurity was introduced to fit the
monomeric impurities with Curie behavid? according to upturn ofy vs T at low temperature; 7.5% of impurity gives
am = (1 — p)xdim + P¥mono With xaim. = 2NPBHKT(3 + the most satisfying fit. This result is in good agreement with
exp(JkT] andymone = NGBS+ 1)/(3KT), whereN, the extrapolated valug/T ~ 0.08 emu K mot?) of the yT

0, B, andk have their usual meaning), is the exchange curve at low temperature.

coupling constant ,andis the monomeric impurity fraction.

The best fits were obtained fdr= —69.4 K,g = 1.69, and 4. Conclusion

p = 0.15. Theg factor is quite small (even when considering

the 15% of monomeric |m_pur|t|e_s) which is considered a (V) diphosphonates have been obtained from mild hydro-
signature of further interactions with the other copper atoms.
thermal treatment. The two compounds present structural

As a consequence, a tetranuclear model has been then

y . . .~ similarities: a two-dimensional framework and large ring
envisioned with two different pathways for the magnetic apertures within the lavers. The maanetic properties of
interaction: the first one between the two central @oms P yers. 9 prop

with the corresponding exchange parametkr,and the [Cua(phen)(OsPCHPO,)(V20s)(H20)]-H.0 have been suc-
. . cessfully interpreted from structural results using a tetra-
second one involving one external and one centrdlaom ! . ) . )
: ; nuclear 1/2 spin model showing antiferromagnetic coupling
with the corresponding exchange paramelgriThe model
. . between the copper centers. Propane molecules generated
previously described by Koval et &l.for the copper(ll) ” : )
: by the decomposition of the corresponding diphosphonate
compound [Cu(CECOO)(CHO)In, seemed appropriated are stabilized in the structure of [gphen)(OsP(CH,)3sPOs)-
. : 3 3
and was used to fit the experimental data for compouhd ( (V0s)] CaHs by hydrogen bonding interactions
The expression of the susceptibility is givenjpys [(Ng26?)/ 20s)] &3l DY Nydrog 9 '
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